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Abstract 
The efficiency of thin film silicon solar cells may be enhanced by a better utilization of the infrared part of the 
incident light. To this end, a configuration of bifacial cells with an upconverter at the rear side is investigated. A flat 
thin film silicon solar cell is modeled optically and electronically using numerical semiconductor device simulations 
with parameters calibrated by experiments. The upconverter itself is described in terms of an effective model of the 
spectral conversion. The predicted spectral input to the upconverter is shown for a textured cell. Due to optical and 
electrical losses at the back contact, the geometrical design is optimized with simulations. Finally, the calibrated and 
optimized device model is used to estimate the potential overall improvement of the cell efficiency. 
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1. Introduction 
The primary goal in solar cells development is to achieve maximum efficiency at minimum cost. The 
more photons of the incident light are used, the higher the efficiency. However, in standard silicon thin 
film solar cells made of μc-Si:H with a bandgap of Eµ ≈ 1,2 eV almost 20 % of the energy contained in 
the solar spectrum correspond to frequencies below the absorption edge of the cell and which are thus not 
utilized [1, 2]. One possible way to use this energy is to up-convert the corresponding photons at the rear 
contact to energies above the absorption edge and to feed the upconverted spectrum back into the cell. 
The main purpose of the present paper is to assess via numerical simulations the potential of such an 
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approach for μc-Si:H thin film solar cells for μc-Si:H thin film solar cells. 
The paper is organized as follows. In section 2, the principle of the concept is presented. To model a 
μc-Si:H-pin device with an upconverter at the rear side, we determine in section 3 the optical and 
electrical parameters experimentally. In section 4, an effective simulation model of the upconverter is 
introduced. In section 5, numerical simulations of the spectral conversion are presented and options 
discussed for optimizing the contact configuration at the rear side. 
2. µc-Si:H fluco-upconverter device: optical configuration and efficiency enhancement potential 
estimate 
The basic configuration determining the optical properties consists of a typical μc-Si:H-pin device 
with a thickness of d ≈ 1,0 μm. The front (p) and back (n) contacts are formed by layers of d ≈ 900nm and 
d ≈ 80 nm Zinc oxide (ZnO), respectively. Due to the high lateral resistivity of this high frequency 
sputtered column-grown ZnO, the latter is contacted at the back side with narrow gridlines of a metal, 
typically silver, to reduce losses in device efficiency (see Fig. (1a) and (1b)). 
In the μc-Si:H-pin device with an optical bandgap of μc-Si:H Eµ ≈ 1,2 eV incoming light of a 
wavelength below λ1 = 1033 nm can be utilised by the device (see Fig. (1a)). In this spectral range, light 
which is not absorbed after passing the device is reflected at the rear side. To harvest also light above this 
wavelength, an advanced upconverter at the rear side of the cell is used [2]. This device consists basically 
of two elements, a fluorescent concentrator (FLUCO) and an upconverter (UC). The FLUCO absorbs 
light in a broad spectral range above the solar cell absorption edge, i.e. λ > λ1 and emits light in the 
spectral range of 1480 nm ≤ λ3 ≤ 1590 nm. A spectral concentration of this type can be achieved using 
dyes or nanocrystal quantum dots [3–5]. The upconverter absorbs the spectrum emitted by the fluorescent 
species and converts it to light in a small range around specific smaller wavelengths, such as λ = 980 nm 
in the case of the typical UC-material NaYF4:Er3+ [6]. To manage light of different wavelengths, adapted 
selectively reflective photonic structures are placed in front of the FLUCO and at the interface between 
this and the upconverter itself. Light in the range of 1033 nm < λ2 < 1480 nm, which should be 
upconverted, can pass and light λ ≤ λ1 , which is either coming from the μc-Si:H-pin device or which is 
already upconverted, is reflected at both photonic structures. The photonic structure in front of the 
FLUCO reflects upconverted light λ3 coming from the FLUCO. The photonic structure at the interface 
between the FLUCO and the upconverter transmits the upconverted light coming from the FLUCO. 
Before starting detailed numerical investigations of the realistic configuration, it is instructive to 
obtain an upper estimate for the efficiency enhancement to be expected in the ideal case. Assuming a 
sharp absorption edge for the μc-Si:H-pin device at Eµ = 1,2 eV, collection of every photon below the 
bandgap-energy up to λ3 ≈ 1500nm from which two are required to obtain one high energy photon, and an 
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Figure 1 (a) Sketch of an advanced upconverter system [after Goldschmidt et al. [2]]. (b) Model layer configuration 
including the effective upconverter at the rear side of the μc-Si:H-pin device as used for numerical simulations. The 
difference is the air-gap between rear ZnO and upconverter. 
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external quantum efficiency of EQE = 20 % at the wavelength of up-conversion, which is chosen at λ = 
980 nm, the maximum extra current density due to the additional photon flux is 
 
 
 
 
where ϕλ1λ3 is the photon flux from the AM1.5G spectrum and q the elementary charge. 
However, an even higher upper limit could be achieved. Using an energy just below two times the 
original photon energy leads to an external quantum efficiency EQE = 68 %. The possible extra current 
could be ∆J ≤ 4,19 mA/cm2. But reflection losses will lower the potential extra current in each case. 
3. Model calibration 
Single layers are measured with ellipsometry and photothermal deflection spectroscopy (PDS) for 
optical simulation (one dimension, full device) of layer stacks. To match measured absorptance A and 
external quantum efficiency (EQE), which shows Fig. (2a-d), layer thicknesses in a stack are adjusted in 
corresponding simulations. To have a good comparison, we use a flat cell without a silver back reflector 
(compare Fig. (1)). The former feature leads to observable interferences, which are sensitive to layer 
thicknesses. The latter property allows one to illuminate the cell from both sides of the layer stack, which 
makes it easier to find discrepancies between measurement and simulation explicitly for the layers near to 
the illumination [7, 8]. 
The electrical parameters used in the present simulation are similar to sets worked out in [1, 7, 8], but 
also adjusted to this cell with J-V-measurements in the dark and under illumination. As can be seen from 
Fig. (2a) and (2b), most of the optical parameters are well fitted. Only in the spectral mid-range the 
simulated absorptance is a little bit higher than the measurements. 
In the next step, we check the EQE of a textured μc-Si:H-pin device with a back-contact fully covered 
with silver (compare Fig. (2e) and (2f)). In the attempts to reproduce the EQE, one has to account for the 
fact that not every absorbed photon generates two mobile charge carriers. This difference between optical 
absorption and generation of mobile charge carriers is worked out with PDS and constant photocurrent 
method (CPM) at an intrinsic μc-Si:H-layer. This yields the efficiency ηG, that an absorbed photon 
conduces to the generation rate. 
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Figure 2: Total absorptance ((a) & (b)) and external quantum efficiency ((c) & (d)) under front- and back-side 
illumination. Measurement (open circles) compared to simulation (straight line). (e) Comparison of measured and 
simulated EQE of a μc-Si:H-pin device with silver back-contact. The simulation is corrected by the generation 
efficiency ηG. And upconversion spectrum of NaYF4:Er3+. (f) Light absorption measured by PDS and CPM for 
intrinsic μc-Si:H. In addition, the efficiency ηG of generation of mobile charge carriers from photon absorption is 
shown as the ratio of both measurements. 
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While PDS gives an absolute value for the absorption coefficient αPDS, the value αCPM for CPM is 
underestimated [9–11]. To calibrate the CPM, we use ηG = 1 for wavelength 600 nm ≤ λ ≤ 940 nm, which 
is reasonable for μc-Si:H since there is no defect absorption. The generation G determined in the optical 
simulation is then corrected with the generation efficiency ηG shown in Fig. (2f), providing a simulated 
external quantum efficiency which is in better agreement with the measurement (see Fig. (2e)). 
4. Optical simulation using an effective model for FLUCO-UC system 
For the optical simulation, the advanced upconverter concept is modeled effectively and assuming unit 
up-conversion efficiency for the spectral range which is transmitted into the FLUCO. All photons beyond 
the last layer and in the wavelength range λ2 are assumed to be absorbed perfectly by the luminescent 
species (i.e. without any reflection losses at the last interface), and the emission of the upconverter is 
assumed to be transmitted lossless and with unit haze HT = 1 into the cell. The resulting optical element 
resembles a perfectly matched layer (PML) and represents both the spectrally selective mirror and the 
FLUCO-UC, as shown in Fig. (1a) and (1b). For the wavelength range λ < λ2, the optical data for silver is 
used to describe reflection at the mirror. 
Three different optical simulations are performed to compute generation profiles G(z, λ). The first 
generation profile GAg corresponds to the μc-Si:H-pin device with full coverage of silver at the back-
contact, representing the standard situation, and is used for comparison. The second generation profile 
GPML uses the PML instead of the silver layer. The third generation profile gPML = GPML/ϕ, normalized by 
the associated photon flux, represents the illumination from the back side of the layer stack with the 
upconverted light at wavelength λ = 980 nm. The superposition of the latter two profiles thus provides the 
generation profile to be used in the electrical simulations of the FLUCO-UC enhanced device, up to 
shadowing losses at the back-contact. 
To quantify the impact of the modification of the back contact in order to make it partially transparent, 
the ratio rAg of silver-covered and bifacial cell fraction at the back-contact is taken into account, with the 
width of a silver gridline denoted by dAg and the distance of two of them given by dAg−Ag. The effective 
generation profile for electrical simulations is thus composed as follows: 
 
and R represents the reflection at the rear side of the upconverted light. 
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Figure 3: (a) Spectral density of the sunlight (AM1.5G) and of the light transmitted into the PML connected to a 
textured μc-Si:H-pin device. The transmission is calculated as absorbed light in the PML in relation to the native sun 
spectrum. (b) Lateral resistance of the back ZnO RsZnO in dependency of the ZnO-layer thickness and spatial variation 
of the electrostatic potential 𝜑. Furthermore all-over series resistance as composition of RsZnO and a fixed part 
representing the resistance for perpendicular current. Rsfix = 0,55 Ωcm2 is a common series resistance for devices with 
full back contact coverage [12]. 
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The part ϕPML of the AM1.5G spectrum which is absorbed in the PML and can be utilised by the 
advanced upconverter in the best case, i.e. without parasitic absorption in the cell, is illustrated in Fig. 
(3a). However, the performance of real devices suffers from large transmission losses of near infrared 
light due to free-carrier absorption in the ZnO layers, as displayed in Fig. (2a) and (2b) for a very thick 
back ZnO. 
Two options exist for the backside layout. The first option is a layer stack of ZnO with gridlines made 
of silver in it, followed by the advanced upconverter (see Fig. (1)). The second option has an air-gap 
between the ZnO and the FLUCO-UC at the rear side. Both options are simulated here. 
5. Electrical simulations and simulation based optimization 
5.1. Optimized cell efficiency 
To find an optimal compromise between low parasitic absorption (thin ZnO) and low contact series 
resistance (thick ZnO), the extra series resistance for lateral current flowing to the gridlines in dependence 
of the ZnO layer thickness dZnO and the distance between two silver gridlines dAg−Ag is worked out (see 
Fig. (3b)). 
For the optimization process, the ZnO thickness 30 nm ≤ dZnO ≤ 160 nm is varied linearly. The lateral 
distance between two gridlines is taken in the range 0 μm ≤ dAg−Ag ≤ 1000 μm. The width of one gridline 
is fixed at dAg = 100 μm (see Fig. (4a), (4b)). The resulting maximum in cell efficiency η corresponds to a 
ZnO layer thickness of dZnO = 30 nm and a distance between two gridlines dAg−Ag = 200 μm. As can be 
inferred from Fig. (4a), the thinner the ZnO layer thickness, the higher the short circuit current density Jsc 
and, from Fig. (4b), the higher the maximum efficiency due to reduction of optical losses. However, for a 
thinner ZnO layer thickness and therefore a higher sheet resistance R□ZnO, the cell efficiency is more 
sensible to the grid distance dAg−Ag. 
There is only a small difference between the results for the options with and without air-gap, and 
narrower gridlines do not change the outcome of the simulation. 
5.2. Optimized external quantum efficiency 
The EQE for the configuration with maximum efficiency is shown in Fig. (4c). Fig. (4d) displays the 
correspond- ing relative improvement with respect to the standard cell without FLUCO-UC. The option 
without air-gap between ZnO and UC shows an enhanced EQE improvement in the entire spectral range 
of the upconverter, resulting in an extra current of ∆J = 0,10 mA/cm2. The quantum efficiency in this 
spectral range for the option with air-gap is slightly lower due to reflection losses at the ZnO/air-interface. 
In the spectral range 500 nm ≤ λ ≤ 1000 nm, this extra reflection can enhance light trapping, however, an 
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Figure 4: Improvement of (a) the short circuit current density Jsc and (b) the device efficiency η by variation of the 
distance dAg−Ag between the silver gridlines and of the thickness of the ZnO 30 nm ≤ dZnO ≤ 160 nm at back contact. 
The width of each silver gridline is fixed to dAg = 100 μm. The maximum efficiency is reached with dAg−Ag = 200 μm 
and dZnO = 30 nm (c) Simulated EQE of a textured μc-Si:H-pin device compared to devices with upconverter and (d) 
improvement compared to the conventional device. Also shown is the enhancement for the case of perfectly 
transparent ZnO (ZnO*). 
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improvement due to the use of a so called detached reflector is not present in μc-Si:H-pin devices [13], in 
difference to several other thin (film) silicon solar cell device types [14, 15]. 
Finally, we simulate the performance μc-Si:H-pin device in the absence of parasitic absorption in the 
ZnO layers by setting the corresponding extinction coefficient kZnO* = 0. As a result, the enhancement by 
the FLUCO-UC can be more than doubled in terms of current. Since ZnO contributes the dominant 
fraction of parasitic absorption in a μc-Si:H-pin device, the limit for the extra current increases to ∆J = 
2,2 mA/cm2 as compared to a state of the art μc-Si:H-pin device. 
6. Summary and conclusion 
Table 1: Summary of the current enhancement potential due to up-conversion at the rear side of bifacial μc-Si:H-pin 
solar cells. Parasitic absorption is neglected in ZnO*. 
estimate 1D full device simulation 
  ZnO / upconverter 0,10 mA/cm2 
µc-Si:H-pin 1,23 mA/cm2 ZnO/air / upconverter 0,14 mA/cm2 
  ZnO* / upconverter 0,27 mA/cm2 
We have investigated a possible enhancement of bifacial μc-Si:H-pin solar cell devices with an 
advanced upconverter concept for a better utilisation of the near infrared part of the solar spectrum at the 
rear side of the device, using an effective model for the fluorescent-concentrator - up-converter system in 
combination with a 1D optoelectronic thin-film solar cell device simulator. The results of the 
investigation are summarized in Tab. 1. A rough analytical estimate, which takes all light in the spectral 
range of the upconverter into account, leads to an extra current of ∆J = 1,23 mA/cm2. Sub-bandgap 
absorption in μc-Si:H and parasitic absorption in the ZnO, as considered in the full numerical simulation, 
reduces this upper limit to ∼ 20 % of this value at the point of maximum cell efficiency. Neglecting 
parasitic absorption in ZnO leads to more than twice as much extra current. 
As an important future task, it remains to validate the simulation by experiments with a cell layout as 
described here, which will be done as soon as implementations of the FLUCO-UC are available. The 
experimental results are expected to be lower than those derived here, due to a substantially lower 
upconversion efficiency and imperfect opti- cal coupling between solar cell and FLUCO-UC system in 
the relevant spectral ranges. 
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